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By SanfordGordonandRogerL.WilkinE

‘Theoreticalvaluesofrocketperformancepemmeterswerecalculated
forJP-4fuelandvariousmixtures& liquidfluorineandllquldoxygen,
assumingbothequilibriumandfrozencompositionduringtheexpansion
process.Ihtawerecalculatedat seversLequivalenceratIosforeach
assignedfluorine-oxygenmixture.

E.

Theparametersincludedme specificimpulse,conhustion-chmiber
* temperature,nozzle-exitt~=at~e, equflibri~cqsitio% ~~

molecularweight,characteristicvelocity,coeffIcientM thrust,*
ratioofnozzle-exitareato throatarea.

Y
Themsxbmmvalueof specfilcimpulsefora clwiberpressureof300

●

r
undspersquareinchabsoluteandan exitpressureof1 atmosphere
expansionratio,20.41)is299.4pound-secondsperpoundforequilibrium
compositionand278.9pound-secondsperpoundforfrozencomposition.
Thesevaluesoccurat 69.75weightpercentfluorineintheoxidantand
20.90weightpercentfuelinthepropellant.

RWRODUCTIOll

Considerableinteresthasbeenshownrecentlyintheuseofmixtures
ofMquid fluorineandliquidoxygen& oxidantswithhydrocarbonsas
fuelforpossiblehigh-energyrocketpropdlants{refs.1 to3). Mix-
turesoffluorineandoxygenexistthatgivehigher~ormance withhy-
drocarbonsthaneither100-percent-en orfluorinebecausethefluorine
burnspreferentiallywiththehydrogenad the~gen withthecarbon.

Theoreticalperformancecalculationsofa typicalJP-4fuelwith
& vsrhusmixturesoffluorineandoxygenweremadeattheIUM3ALewisUibo-

ratory,(1)toprorbledatainsupportofan _imentsl progrm,(2)tO
—

determinethemximm performanceforanyassignedfluorlne-oxygenmix-
-. tme asa functionof equivalenceratio,and(3)to determinethemaxi-

mlnnperformanceofthepropellantasa functionofbothfluorine-mgm
mixtureandequivalenceratio.



2 c-
Thedatawerecalculatedonthebasisofbothequilibriumamdfrozen“-”‘r~-

compositionduringexpansion.Theperfor~cep&mmetersIncludedare ___ _
...—

specific@ulse, combustion-chambertemperature,nozzle-exittempera-
ture,equilibriumcomposition,meanmoletim weight,characteristic~e-
locity,coefficientofthrust,ti ratiooftizzle-exitareato throat

..

=ea.
,,.

A

a

Cl?

C*

6

%

h

I

M

n

P

r

T

w

a

SYMBOLS .-
m

..
thisreport: %m.Thefo~owingsynibolsareusedin

nozzlearea,sq ft

localvelocity

coefficientof

charactmtstic

of sound,ft/Oec

thrust,U/c*

velocity,gP&w,

accelerationduetogravity,

sumof sensibleenthal~and

sumof sensibleenthalpyand

~,(q).
1

lm
, Cd[g

specificImpulse,lb-see/lb

molecularweight

numberofmoles

pressure

. .-..

.—

. . ..-. .. . .- =

ftjsec .—

32.174fk~sec2

chemicalenergy,cal@ole -

chemicalenergyperunitweight,

-.

.-

equivalenceratio,ratiooffourtimesthemniberof carbonatoms
plusthenumberofhydrogenatomsto‘twicethenuniberofozqygen
atomsplusthenmber offluorineatoms ‘“

ta@rature,% -.. — —

rate offlow,lb/see

ratioof equivalentoxidantformulasWp to equivalentfuel
formulasC%
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a

A 8ubscripts:

c combustionchamber

e nozzleexit

i productof combustIon

t nozzlethroat

P fluorine-to-oxygenatcmrat10

T hydrogen-to-carbonatomratio

CAUULM?IOIT(IFEERFORMAICEDATA

Thecomputationswerecarriedoutbymeansofthemethtidescribed
inreference4 withmodificationsto adaptitforusewithan IB4Card-
ProgramedElectronicCalculator.Themachinewasop=atedwithfloating
decimalpointnotationandeightsigniflcemtfigures.Thesuccessive
ap~oximationprocesswhichwasusedto celLculatethedesiredvaluesof

* theaeslgnedparameters(massbalanceandpressureorentropybelance)
wascentinuedunt11seven-figureaccuracywasreached.

w Assumptions. - Thecalculationswerebasedonthefollowingusual
assumptions:perfectgaslaw,adiabaticconibustIonat constantpres-
sure,isentroplcexpansion,nofriction,hcmogeneuusmixing,andone-
dtiensionslflow. Theproductsof combustionwereassumedtobe graphite
andthefollowingidealgases:atomiccarbonC, cabonmonofluorideCF,
cerbondifluorideCF2,carbontrtiluorideCF3,carbontetrafluorideCF4,
dtiluoroacetyleneC#2, methaneCH4,carbonmonoxideCO,cerbondioxide
C~, atomicfluorineF, fluorlneF2,atomichydrogenH,hydrogen~,
hydrogenfluorldeHF,wat= ~0, atomicoxygen0, oxygen~, andhydroxyl
radicslOH.

nlermqnadc data.- me t~ c datafordl ccmibustlon
productsexceptgraphite,methane,thefluorocarbons,andwaterweretaken
fromreference4. Dataforgraphiteweretakenfromreference5, carbon
monofluoridefromreference6,theremainderofthefluorocarbonsfrom
reference7,andwaterfromreference8. Dataformethaneweredeter-
minedby therigid-rotator-hemnonic-oscillatorapproximateionusingspec-
troscopicdatatakenfromreference9.

4
ThedislocationenergyofF2 wastakentobe 35.6kilocaloriesper

moleandtheheatof sublimationofgraphiteat 298.16°K wastakento ,
* be 171.698kilocaloriespermole(ref.10).

—.
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PhysiCd_and.thermocheroicaldata.- TheJP-4fuelused“Inthese
calculatIonswasaeeumedtohavea hydrogeq-tecarbon.weightrat~oof.,
0.163(atomratio y = 1.942] anda low- heatof combustionvalueof
18,640~U perpOl@. Additionalpropertiesof jetfuelsmaybe found
inreferenceXL. Several.propertiesoftheoxidantstaken fromref-
erences4,10,12,and13“=elistedintable1.

.
Formulas. - TheformulasusedIncomputingthevsriousparameters

areasfollows:

Specificimpulse,lb-see/lb

1=294*98= ‘-(”
Throatareaperunitflowrate,(sq ft)(sec)/lb(pressureinatm)

Ch~acteristic

q 1.3144Tt
—=
w Pt~a (2)

velocity,ft/Oec

Coefficientofthrust

(4)

Nozzle-exitareaperunitflowrate,(sqft)(sec)/lb(pressureinatm]

~ 0.040853Te
—=
w P&I “ (5)-

Ratloofnozzle-exitareatothroatarea : ““ -

!JXEORETIMLIWRFCRWUWEb.&M

Thecalculatedvaluesofperformance~ameters wereobtainedfor-,
X?fluorlne-oxygenratiosfora cmibusttonpressureof300poundsper
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.

squareinchabsoluteandan exitpressureof1 atmosphere.Foreach
4 a;signedfluorine-oxygenmixture,-thefolJ&ingsch&e

culatean equivalenceratioforwhichspecificimpulse

Lettheequivalentformulaofthepropellantbe

C% + a(OFP)

Thenby definitiontheequivalenceratiobecomes

r =

For ~ ~ y and8SSUMiIlgproducts

For ~ > T andassumingproducts

a r=-
B

and.

tobe CO,HF,and

was UEed to cal-
1snearmaximuux

(7)

tobe graphite,CO,andHI?,

‘=$%+
(8)

Thesimplifiedsetof combustionproductswasusedo-y to estimate,- theequivalenceratiogivhg nearmaximumspectiiclmpu@e,whereasthe
actual,celculationeincludedallthecombustionproductsconsideredIn
thisreport.Foreachofthe12fluorine-~genmixtures,performance
datawereobtainedforthreeequivalenceratios,includlngtheonegiven
by equation(7)or (8). Thecalculatedvaluesof specificimpulse,with
bothequilibriumandfrozencompositionassumedduringexpansion,are
givenIntable~. Theval~s oftheotherperformanceparameters-
thecourpositionofthecotiustionproducts(correspcmdlngto theequiv-
alenceratiosforwhichequilibriumspecificimpulseismaximum)are
givenintablesIIIandIVforeachofthe3.2fluorine-oxygentitures.
Themolefractionsof CF4,CH4,andF2wereomittedfromtableIV ti-
aemuchas theywerealwayslessthan0.00001.

Parametera.- Theparametersareplottedinfigures1 to 5. Fig-
ure1 indicatesthevariationof specificimpulsewithweightpercent
fluorineIntheoxidantforbothequilibriumandfrozencomposition
duringtheexpansionprocessat theequivalenceratioforwhichequi-
libriumspecificimpulseismaximum.TW maximumvslueof specific
imqmlseis299.4pound-secondsperpoundforequilibriumcomposition

● and278.9pound-secondsperpoundforfrozencomposition.Thesemaxi-
m valuesoccurat 69.75weightpercentfluorineintheoxidant@
20.90weightpercentfuelInthe&p~t.

.4 thesamefluorine-to-oxygenatcmratioasthe
The oxidantmixturehas
hydrogen-to-carbonatom

.-
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fuel(1.942).Forthisoxidantmixture,the20.90weight
inthepropellantistheoneinwhichthenumberofH atoms ._

.6.
---- .

equalsthenuniber.ofF atomsandthenumberof C atcuusequalsthenumb-ti
of O atoms.These”atomratiosmaybe r~esentedby theequivalent
formulaCH10942+ 0F10942.Thisformulais.consistentwiththeassump-
tionthathydrogenburnspreferentiallywitfifluorineandc&bonwith
oxygen.

—

A comparisonofthemaxZmumvaluesofspecificimpulseforJT-4
fuelwith69.75weightpercentfluorineintheoxidant,100percent
fluorine,and100percentoxygenisshownfi”thefold.owingtable:

Composltlon69.75p“=centF2
30.25percent02

byweight
Specific
impulse,I

Equilibrium 299.4

Frozen I 278.9

Fluorine Cbcygen

Specific Decrease,Specific Decrease,
Impulse, I percent impuls~,I percent

278.9 7.4 260.7 14.8

264.6 I 5.4 ] 250.4 I 11.4 I

Thecurvesof c*, CpZ,Tc,Te,m, ~, and &/At sgainstweight
percentfluorineintheoxidant,giveninfigwes2 to 5,arenotnec-
essarilythemaximumvaluesbutcorrespondtotheequivalenceratiofor
whichequilibriumspecificimpulseisthemaximum.Ihebreakinthe
curvesat about75weightpercentfluorineti-theoxidimtisdueto the
formationofgraphite. ..

Effectofthemdymmlc dataonperformance.- Calculationsin
reference14 showthatifthecarbonvaporevaporatingfroma graphite
surface is assumed to containthethreespecies,monatmiccarbonC,

. .
.-
..—=

.
“

—

“w.-

.-

diatomtccarbonC2,andtriatomlccarbonC3,thenC2 andC3 comprisea
.-

considerablepartofthevapor.Inordertodeterminetheeffecton
specificimpulseifC2andC3wereincluded
additionalcalculationsweremadefor74.80
theoxidant. Thispercentfluorineis nesr
ctiicimpulseandcontainsthelargestmole
Theeffecton specificimpulsewassmall.as
lowingtable:

as conibustionprmlucts,
weightpehcentfluorineIn —
thepointformaximumspe-
fiactionofC (tableIV). ...-_
~ be”Seenfromthefol- ..

Specific
7 “-a”

C2 andC3 not C2 andC3
impulseu1,~cluded~ i.ncludedin percent
lb- sec[lb ccmbustion combustion

products products

Equilibrium 294.0 293.1 0.31
A

Frozen 272.4 271:1 .48
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Theeffecton speclflcimptieshouldbe lessthanshowninthepre-
4 cedingtableforoxMantscontahinglessfluorine.

ThethermodynamicfunctionsforC2 andC3wereobtainedby the
rigid-rotator-hemnonic-oscillatorapproximateionusingthespectroscopic
dataofreferenceM fcrC2 andthespectroscopicdatasuggestedInref-
erence14 fcmC3. TheheatsofformatIonforC2 andC3-e takenfrom

u reference14.
%m Accordingtoreference7,thethermdynmiC functiom forCF2~~3~

andC2F2mustbe regardedas tentative.However,inasmuchasthemole
fractionsofthesesubstancesaresmalL(tableIV),f=venlergechanges
inthetit@mmo@smic functionsareexpectedtohaveonlya smalleffect
onperformance.

me “low”valuefortheheatofdissociationofF2,35.6kilocalories
permole,andthe“high”valuefortheheatof miblimationofgraphite,
171.698kilocaloriesp= moleat 298.16°K, whichwerechosenforthe
cekulationsinthisreport,arestillopento question.Thelowvalue
forF2 tendstokeepthetheoreticalperformancelow,whereasthehigh

●
valueforgraphitetendstokeepIthigh.

● SUMMARYOFRE8ULT8

A theoreticalinvestigationoftheperformanceM ~-4 fuelwith
liquldfluorine- liquidoxygenmixturesfora combustionpressureof
300poundspersquareinchabsoluteandisentroplcexpansionto1 at-
mosphere,assumingequilibriumandfrozencompositionduringtheexpan-
sionprocess,gavethefol.lowlngresults:

1. Themaximumvalueof specific@ulse wasobtainedat 69.75weight
percentfluorineIntheoxidantand20.90weightpercentfuelinthe
propellant.Theoxidantmixtureistheoneforwhichthefluorine-oxygen
atomratio equalsthehydrogen-carbonatomratio.Forthisoxidantmix-
ture,theweightpercentfuelinthepropellantof 20.90 Is theonefor
whichthenumberofH atomsequalsthenumberofF atomsandthenumber
ofC atomsequalsthenumberofO atoms.Theseatomratiosmaybe rep-
resentedby thefdllowi~equivalentformulaCH1.942+ ml.942.

2. !Ihemaximumvalueof specificimpulseass- equilibrium
compositionwas299.4pound-secondsperpound.Thisisa 14.8percent

A increaseoverthemexinmmvalueof260.7pound-secondsperpoundfor
JP-4fuelwithliquidoxygenanda 7.4percentincreaseoverthe&ximum
valueof 278.9pound-secondsperpoundforJP-4fuelwithliqul.dfluorine.

+
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3. Themaxhnumvalueof specificimpulseassuming~ozen composi~ion
was278.9pound-secondsperpound.

L
Thisisan,ld..4 p&centincreaseOv=.

themaximumvalueof 250.4pound-secondsp&rpoundforJP-4fuelwith
liquidoxygenanda 5.4percentincreaseoverthemaximumvalueof 264.6
pound-secondsperpoundforJP-4fuelwithliquidfluorine.

LewisFlight~opulsionLaboratory
.—.. --—
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TABLEI.- FRO-T= OFLIQUIDOXIDMT8

EYoperties @gen, 02 Fluorlne,F2

Molecularweight,M 32.00
?
8.OQ

Density,g[cc al.1415 1.54
(at-182.0°C) (at-196°C)

F&eezingpoipt,‘C C-21.8.76 C-217.96
Boilingpoint,% ‘-182.97 C-187.92
Enthalpyrequiredto con-
vertliquidatboiling
pointtogasat 25°C ‘%080 %.030

EnthalpyofvaporizatIon,
kcal/mole ‘1:630 c1.51

(at-182.97°C) (at-187.92°C)
Enthdw offusion,
kcal/mole C.106 c.372

(at-218.76°C) (at-217.96°C)

aRef. 12.
%f. 13.
cRef. 10.

.

%ef. 4.

—
r“

.

—
—

—.

.
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TABLE II. - Tmm5mAL SmXmm IMl?uME Foa JP-4nIELwIm

LIQmDFLmKu?E —IrQumoxGm MnmIRIM

[Combustion-chamber pressure, 300lb/sqin.sbs;exitpressure,1 am.]

Fluorine-
to~gen
atomratio,

P

o.

0.2

0.5

1.0

1.6

1.942

2.0

z.1

2.2

2.5

4.0

s

Welgbt EquivalenceWeight 8peclficlu@ulee,I,
percent rat10, percent lb-eecllh
nuorhle r fuelln
inoxidant

Equilibrium~
m-t cqposltton

1.30 27.64 258.3
0 =1.51 30.70 260.7

1.60 31.98 258.6

1s0 28.I.5 269.4
Is .l.z =1.!51. 28.26 286.4

1.54 28.68 256.3

1s0 25.62 278.3
37.25 ‘%.51 25.78 278.4

1.60 26.94 278&

Ibsen
maltlon

246.5
250.0

I 260.4

t-

265.9
256.0
256.3

262.4
262.5
263.4

270.6
271.1
271.7

%.51 21.57 286.6
65.52 1.60 22.58 227.1

1.70 23.67 284.2

1.50 20.81 289.2
66.75 =1.S1 20.80 289.4

1.52 21.os 262.0

l.m” 19.60 226.0
70.37 1.48 20.48

%.53
288.9

21.04 288.1

1.40 16.44 285.7
71.38 1.50

%.57
20.55 227.5
El.28 286.8

1.45 19.85 286.4
72.32 20.40,

b;:~
286.4

21.46 285.8

276.9
278.8
277.0

278.7
278.9
278.6

275.8
278.4
277.7

276.1
277.1
276.2

276.5
276.1
275.0

1.65 21.56 283.9
74.80 % .70 22.07 294.0

1.75 22.57 283.9

25.47
b;::

269.1 -
82.61 23.82 288.2

2.20 25.22 288.7

3.m
100 %.06

27.07 278.6
27.46 278.9

3s0 30.22 278.0

1-272.3
272.4
272.8

270.0
270.3
271.2

I 264.2
264.6
266.0

_% eq.(7).
bmieeq.(8).
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TAma III. - cALmLAmoPmwauma wJP-430BLvITELraiib3LulmIx-LIeJIi) axYasmHIrKmE3

tCCSbOatim+haIabersmmora, SW lb/aain. aba~exftwummam 1 atm equUibrlu9s86 an

aqutvc-age0l3f-
lUMO
rauo, pllmo,
r

lb%eo

torti-
‘MOva-
looim,
0●,

ft/moo -1Kosslo RAtio of man man
tit nmzlo- mloo- imleo-

Ult Ilnr Ulsr
Rturo, -Sap Udsllt might

Tm, hi om- &t

“ -at “+=# :::”

mlf#t
~lt

rim m
Cm&ant

m.
8412 S.eeslai. ss aa.97

aa.7a

as.ss
aa. t3

a~.83

aa.57
aa .47

aa.s9

Ba.70

Ba.85

B3.61

OS.37

00. 00 30.70 1.51 a60.7 5897

X9 ,19 ae.a6 1.51 869.4 6076

37. a5 as .79 “1.51 a70.4 6a7e
54. a9 a3 .80 1.55 a88.5 65a3

65, Sa aa .59 1.60 a97.1 6739
69.75 ao .90 1.~ a99 ..46768
70 .37 ao .49 1.48 a9e.9 6789
71 .30 ao .35 j..5o a97.5 67a3
7a .3a ao ,40 1.50 a9.6.4 6697’

74.80 aa .07 1.70 a94. o 6617
aa .61 a3..8aa.oeasg.a6495
100.00B7 .46 3.06% a7e.9 6840

3.913

S.91S

3.e5a

3.759

3.858
3.649
3.865

3.e6a
3.984
4,040

w

ai.37

ao.96

ao.so

ao.zs

ao .71
ao.ao

ao.9z

ai .04

ai .4a
aa.a~

~

i.4a71 35e.4 a57ci

a7ai
%3aa6

a.393
3080
30?7

S076
3064
311e
315s
s&19

19a9

1“93s

t945

%978

ao48

ao75

ao7s

ao7a

ao74

aio5

sale

a4ss

I1.4a7 3767
i.4a5\ 4010

11.418 485s
i.4a3 4351
2.4a3 435xr
~.4a4 4332
z.4a4,43al
i.4a9 4a04
1.433 41e4
1.430 4146

_MJ
5753

5890-

606i

6a80

6460

6474

6464

643a

6407

6304

saae.

604’7

al.os

%1.s7

ao .95

ao.so

ao .35

ao.7i

ao.a.o

ao .91

ai .04

ai .4a

aa.az

a4 .03

0’0,00

19 ,19

37 .a5

S4 .a9

65 .5B

69.75

70 .37

71 .3a

7a .3a

74,80

ea .61

100.00

3.500

3.410

3 .314

s.ai9

3 .170

3 .isa

3.147

3.1s7

3.164

3.a49

3.369

3.597

30 .70

aa .a6

as .79

a3 .80

aa. sv

ao .90

ao .49

00.5.s

ao .40

aa .07
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